The O-arylcarbamate URB937 is a potent inhibitor of fatty-acid amide hydrolase (FAAH), an intracellular serine hydrolase responsible for the deactivation of the endocannabinoid anandamide. URB937 is unique among FAAH inhibitors in that is actively extruded from the central nervous system (CNS), and therefore increases anandamide levels exclusively in peripheral tissues. Despite its limited distribution, URB937 exhibits marked analgesic properties in rodent models of pain. Pharmacological evidence suggests that the extrusion of URB937 from the CNS may be mediated by the ABC membrane transporter ABCG2 (also called Breast Cancer Resistance Protein, BCRP). In the present study, we show that URB937 is a substrate for both mouse and human orthologues of ABCG2. The relative transport ratios for URB937 in Madin-Darby canine kidney (MDCKII) cells monolayers over-expressing either mouse Abcg2 or human ABCG2 were significantly higher compared to parental monolayers (13.6 and 13.1 vs 1.5, respectively). Accumulation of the compound in the luminal/apical side was prevented by co-administration of the selective ABCG2 inhibitor, Ko-143. In vivo studies in mice showed that URB937 (25 mgkg −1 ) readily entered the brain and spinal cord of Abcg2-deficient mice following intraperitoneal administration, whereas the same dose of drug remained restricted to peripheral tissues in wildtype mice. By identifying ABCG2 as a transport mechanism responsible for the extrusion of URB937 from the CNS, the present results should facilitate the rational design of novel peripherally restricted FAAH inhibitors. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
kg −1 ) readily entered the brain and spinal cord of Abcg2-deficient mice following intraperitoneal administration, whereas the same dose of drug remained restricted to peripheral tissues in wildtype mice. By identifying ABCG2 as a transport mechanism responsible for the extrusion of URB937 from the CNS, the present results should facilitate the rational design of novel peripherally restricted FAAH inhibitors.
Introduction
The intracellular hydrolysis of the endocannabinoid anandamide is catalyzed by the enzyme fatty-acid amide hydrolase (FAAH) [1] , a membrane-bound serine hydrolase that also catalyzes the cleavage of other non-cannabinoid fatty-acid amides such as oleoylethanolamide and palmitoylethanolamide [1] [2] . The O-arylcarbamate URB937 (cyclohexylcarbamic acid 3'-carbamoyl-6-hydroxybiphenyl-3-yl ester; also referred to as ARN354) is a potent and selective FAAH inhibitor. Following systemic administration in mice, URB937 inhibits liver FAAH activity with a half-maximal effective dose (ID 50 ) of 0.1 mg-kg −1 , but fails to alter FAAH activity in forebrain, hypothalamus and spinal cord. Furthermore, in vivo inhibition of FAAH by URB937 is accompanied by an elevation of anandamide levels, which occurs exclusively in peripheral tissues. Despite its restricted access to the central nervous system (CNS), URB937 exerts profound antinociceptive effects in rodent models, which are prevented by blockade of CB 1 cannabinoid receptors [3] . Pharmacological evidence suggests that the extrusion of URB937 from the mouse brain may be mediated by ABCG2 (Breast Cancer Resistance Protein, BCRP), a member of the ATPbinding cassette (ABC) superfamily of efflux transporters. ABCG2 was first identified in 1998 in the multidrug resistant human breast cancer cell line MCF-7/AdrVp [4] . ABCG2 can transport a large number of structurally unrelated compounds and is increasingly recognized for its role in drug disposition and tissue protection [5] [6] . ABCG2 is highly expressed in organs that are important for the absorption (small intestine), elimination (liver and kidney), and distribution (blood-brain and placental barriers) of drugs and other xenobiotics [7] . Despite its substantial medical significance, the transport mechanism of ABCG2 remains poorly understood.
In the present study, we used both in vitro and in vivo approaches to examine whether ABCG2 mediates the transport of URB937 and its extrusion from the CNS. We measured the transport rate of URB937 through polarized monolayers of Madin-Darby canine kidney (MDCK II) cells that over-express either mouse Abcg2 or human ABCG2. The effect of Ko143, a selective ABCG2 inhibitor [8] , was also assessed. Additionally, we used Abcg2-deficient (Abcg2 −/− ) mice to further explore the role of ABCG2 in the distribution of URB937.
Materials and methods

Animals
Adult male Swiss-Webster mice (25-30 g) and adult male Abcg2 −/− mcie and wild-type littermates (9-13 weeks, >99% FVB genetic background) were kept in a temperaturecontrolled environment with a 12-h light/12-h dark cycle and received a standard chow and water ad libitum. Abcg2 −/− mice were kindly provided by Dr. A.H. Schinkel, Netherlands
Cancer Institute (Amsterdam, The Netherlands). All procedures met the National Institutes of Health guidelines for the care and use of laboratory animals and the "Principles of Laboratory Animal Care" and the European guidelines described in the EC Directive 86/609. Procedures were also approved by the Institutional Animal Care and Use Committee of the University of California, Irvine, and the Research Committee of Animal Use of the University of León (Spain).
Chemicals
Ko143 was purchased from Tocris (Bristol, UK), isoflurane (Isovet ® ) from Schering-Plough (Madrid, Spain), anandamide-[ethanolamine-3 H] (10,000 cpm, specific activity 60 Ci/mmol) from American Radiolabeled Chemicals (St. Louis, MO, USA). URB937 was synthesized as described [3] . All other chemicals were of analytical grade and available from commercial sources.
Cell cultures
MDCKII cells and their human ABCG2-and murine Abcg2-transduced subclones were a kind gift of Dr. A.H. Schinkel. Culture conditions were as previously described [9] [10] . The cells were cultured in Dulbecco-Modified Eagles's Medium (DMEM) supplemented with Glutamax (Life Technologies, Inc., Carlsbad, CA, USA), penicillin (50 units/ml), streptomycin (50 µg/ml), and 10% (v/v) fetal calf serum (MP Biomedicals, Solon, OH, USA). Cells were cultured at 37°C in the presence of 5% CO 2 . Cells were trypsinized every 3 to 4 days for subculturing.
Transport studies
Transepithelial transport assays were carried out using Transwell plates as previously described [11] , with minor modifications. Cells were seeded on microporous polycarbonate membrane filters (3.0 µm pore size, 24 mm diameter; Transwell 3414; Costar, Corning, NY) at a density of 1.0×10 6 cells per well. Cells were grown for 3 days, and the medium was replaced every day. Transepithelial resistance was measured in each well using a Millicell ERS ohmmeter (Millipore, Bedford, MA); wells registering a resistance of 150 ohms or greater, after correcting for the resistance obtained in blank control wells, were used in transport experiments. The measurements were repeated at the end of the experiment to check the tightness of the monolayer. Two hours before the start of the experiment, medium on both sides of the monolayer was replaced with 2 ml of Optimem medium (Life Technologies, Inc., Carlsbad, CA, USA), without serum, either with or without Ko143 (1 µM). The experiment was started (t = 0) by replacing the medium in either the apical or basolateral compartment with fresh Optimem medium, either with or without Ko143 (1 µM), and containing 5 µM URB937. Aliquots of 100 µL were taken from the drug opposite compartment at t = 2 and 4 h, and stored at -20 °C until analysis. The appearance of the compound in the acceptor compartment is presented as fraction of total compound added to the donor compartment at the beginning of the experiment. Active transport across MDCKII monolayers was expressed by the relative transport ratio, defined as the percentage apically directed transport divided by the percentage basolaterally directed translocation, after 4 h [12]
Tissue processing
Animals were killed by decapitation under slight anesthesia with isoflurane and brain, spinal cord, liver and kidney tissue were snap frozen in liquid nitrogen. Blood was collected through a left cardioventricular puncture and centrifuged at 2000 × g for 30 min to obtain plasma. Samples were weighed and homogenized in ice-cold Tris-HCl buffer (50 mM, 5-9 vol., pH 7.5) containing 0.32 M sucrose. Homogenates were centrifuged at 1000 × g for 10 min at 4°C. Supernatants were collected (250 µl) and protein concentration determined using a bicinchoninic acid (BCA) assay kit (Pierce, Rockford, IL, USA). Remaining supernatant and pellet where further extracted with methanol/chloroform for URB937 analysis.
FAAH activity
FAAH activity was measured at 37°C for 30 min in 0.5mL of Tris-HCl buffer (50 mM, pH 7.5) containing fatty acid-free bovine serum albumin (BSA) (0.05%, w/v), tissue homogenates (50 µg protein from brain, spinal cord and kidney and 100 µg from liver), 10 µM anandamide, and anandamide-[ethanolamine-3 H] (10,000 cpm, specific activity 60 Ci/ mmol; American Radiolabeled Chemicals). The reactions were stopped with chloroform/ methanol (1:1, 1 mL) and radioactivity was measured in the aqueous layers by liquid scintillation counting.
Lipid extraction and URB937 quantification by liquid chromatography/mass spectrometry (LC/MS)
Tissue and plasma levels of URB937 were determined as previously described [3] with minor modifications. In brief, aqueous tissue homogenates and plasma samples were extracted with methanol/chloroform (1:2) containing cyclohexyl biphenyl-3-ylacetamide as internal standard.
Organic phases were evaporated under nitrogen and reconstituted in 60 µL of methanol. Samples were analyzed using an 1100-LC system coupled to a 1946A-MS detector (Agilent Technologies, Inc., Palo Alto, CA) equipped with an electrospray ionization interface. URB937 and N-cyclohexyl biphenyl-3-ylacetamide (mass-to-charge ratio, m/z = 377 and 294 respectively) were eluted on an XDB Eclipse C18 column (50×4.6mm inner diameter, 1.8 µm, Zorbax) using a linear gradient of 60% to 100% of A in B over 3 min at a flow rate of 1.0 mL/min. Mobile phase A consisted of methanol containing 0.25% acetic acid and 5 mM ammonium acetate; mobile phase B consisted of water containing 0.25% acetic acid and 5 mM ammonium acetate.
Experimental design for in vivo studies
URB937 was dissolved in saline/PEG400/Tween-80 (18:1:1) to a concentration of 2.5 mgmL −1 and injected subcutaneously between the shoulder blades at the volume of 10 mL-kg −1 for a final dosing of 25 mg-kg −1 .
Effects of ABCG2 blockade on URB937 penetration in the brain-Sixteen
Swiss-Webster male mice were randomly divided into 4 groups, each receiving a single dose of Ko143 (0, 1, 3 and 10 mg-kg −1 , i.p.;10 mL-kg −1 ) dissolved in saline/PEG400/Tween-80 (18:1:1) with DMSO (30%), 20 min prior to URB937 administration. Animals were killed 1 h later and brains were collected for URB937 levels and FAAH activity determination. 
Distribution of URB937 in
Statistical analysis
Results are expressed as mean ± standard error of the mean (S.E.M.) or standard deviation (S.D.) and the significance of differences was determined using one-way analysis of variance (ANOVA) followed by Dunett test as post hoc, and Student's t-test. Differences were considered significant if P < 0.05. Statistical analyses were conducted using GraphPad Prism Version 4.0 (San Diego, CA, USA).
Results
Effects of ABCG2 blockade on URB937 penetration in the brain
Systemic administration of the selective ABCG2 inhibitor, Ko143 (0, 1, 3 and 10 mg-kg −1 , i.p.), 20 min prior to injection of URB937 (25 mg-kg −1 , s.c.), dose-dependently increased access of URB937 to the brain (Fig. 1a) . The elevation in brain URB937 levels was accompanied by a dose-dependent decrease in brain FAAH activity (Fig. 1b) , which was assessed ex vivo 1 h after URB937 administration. These results confirm and extend previous observations suggesting that pharmacological blockade of ABCG2 activity allows URB937 to enter the CNS [3] .
Transcellular transport of URB937 in vitro
To assess whether URB937 is a substrate for Abcg2/ABCG2, we investigated the polarized transport of this compound using wild-type MDCKII cells as well as MDCKII sub-clones stably over-expressing either mouse Abcg2 or human ABCG2. Relative transport ratios for URB937 were significantly increased in Abcg2 and ABCG2-transduced MDCKII cells, compared to parental cells (Fig.2a, b and c) . Inclusion on the incubations of the ABCG2 inhibitor Ko143 (1 µM), completely inhibited Abcg2/ABCG2-mediated transport (Fig. 2d, e and f). These findings indicate that URB937 is an in vitro substrate for both the mouse and human orthologues of ABCG2.
Distribution of URB937 in Abcg2 −/− mice
To further examine the role of Abcg2 in the peripheral segregation of URB937, we administered the compound (25 mg-kg −1 , s.c.) to Abcg2 −/− mice and their wild-type littermates. There were no differences between wild-type and mutant mice in either circulating levels of URB937 (Table 1) or tissue-to-blood ratio (liver and kidney, Fig. 3a) . However, levels of URB937 in brain and spinal cord, two organs protected by the bloodbrain barrier, were substantially higher in mice lacking Abcg2 (Fig. 3b) . Consistent with those findings, Abcg2 −/− mice displayed a marked reduction (80%) in FAAH activity in brain and spinal cord compared to wild-type animals, which showed almost no inhibition of FAAH activity in CNS (Fig. 3c) . On the other hand, FAAH activity was nearly abolished in liver and kidney tissue in wild-type and Abcg2 −/− mice (Fig. 3c) . These findings provide conclusive evidence that Abcg2 restricts the access of URB937 to the mouse CNS in vivo.
Discussion
The O-arylcarbamate URB937 is a potent and selective inhibitor of intracellular FAAH activity. In rodents, systemic administration of URB937 inhibits FAAH and elevates anandamide levels in peripheral tissues, but not in forebrain, hypothalamus or spinal cord. Indeed, URB937 is 400 times more potent at inhibiting FAAH activity in mouse liver than in mouse brain [3] . Despite its peripheral distribution, URB937 exerts substantial analgesic effects in mice and rats, which are dependent on CB 1 receptor activation. Previous pharmacological experiments have suggested that the extrusion of URB937 from brain might be mediated by the ABC-transporter ABCG2 [3] . In the present study, we tested this hypothesis utilizing both in vitro and in vivo approaches. First, we used the polarized canine kidney cell line MDCKII and its subclones transduced with murine Abcg2 and human ABCG2 cDNAs to determine whether URB937 interacts with ABCG2 in vitro. Cells were grown to confluent polarized monolayers on porous membrane filters, and vectorial transport of URB937 across the monolayers was assessed. In general, Abcg2/ABCG2 substrates show a higher relative transport ratio in the Abcg2/ABCG2 transduced cells compared to the parental cells due to both heightened transport to the apical side and diminished transport to the basolateral side. Our results show that the relative transport ratio for URB937 was increased nearly 10 folds by over-expression of either mouse or human ABCG2. This effect was prevented by the addition of the selective ABCG2 inhibitor, Ko143. We interpret these findings to indicate that URB937 is an in vitro substrate for ABCG2.
To further investigate the role of ABCG2 in the extrusion of URB937, we examined the distribution of this compound in Abcg2 −/− mice and their wild-type littermates. Irrespective of genotype, URB937 abrogated FAAH activity in peripheral tissues. By contrast, the drug strongly inhibited FAAH activity in the CNS of Abcg2 −/− mice, but failed to do so in wildtype mice. CNS levels and tissue/blood ratio of URB937 were also significantly increased in Abcg2 −/− mice. Together with our in vitro data, these results indicate that ABCG2 restricts the access of URB937 to the CNS, without affecting plasma levels or peripheral tissue distribution of this compound.
This interpretation is consistent with several studies reporting local effects mediated by Abcg2, including brain penetration, but no differences in systemic profiles between wildtype and Abcg2 −/− mice [13] [14] [15] [16] . Although URB937 is an in vitro substrate for Abcg2, additional factors could affect the systemic disposition of this compound due to profound differences in tightness and drug uptake systems between systemic membranes and the blood-brain barrier endothelial luminal membrane [16] . Hence, the relevance of ABCG2 for brain penetration of any given substrate will depend upon other constituents of the bloodbrain barrier [17] . Among these, the ABC transporter P-glycoprotein (Pgp/ABCB1) is known to overlap with ABCG2 in substrate specificity [16] . By using Abcg2 −/− mice in which Pgp is still present, it could be difficult to unequivocally demonstrate a functional role for Abcg2 at the blood-brain barrier [18] . However, in our study, we could demonstrate the role of ABCG2 in the brain extrusion of URB937 together with a difference in FAAH activity depending on murine genotype. The role of P-glycoprotein in this process is currently under investigation.
Preliminary structure-activity relationship explorations suggest that the para-hydroxyl substituent in the proximal ring of URB937 is a key determinant of the constrained brain penetration of this compound [3] . The importance of the phenol moiety raises the question as to whether phenol sulfotransferases (SULT1) might be involved in the extrusion of URB937 from the CNS. ABC-transporters commonly co-localize with sulfotransferases [19] [20] . The ability of ABCG2 to transport sulfate-conjugated phenol compounds has been previously described [5, 21] . Moreover, ABCG2 has been recently reported to be an important physiological mediator of phenolic conjugation [22] . In the same study, Zhu et al.
demonstrated that both sulfotransferase activity and ABCG2-mediated efflux of sulfate conjugates are saturable processes. Our previous findings, showing that administration of a non-selective SULT1 inhibitor increases the entry of URB937 into the brain [3] , suggest that this compound might be a substrate for SULT1 activity. Further experimentation is needed, however, to conclusively test this hypothesis.
Significant synthetic efforts have been directed at targeting ABC-transporters, to develop compounds that are either able to circumvent transport-mediated resistance (e.g. in chemotherapy) or show improved bioavailability and therapeutic index through specific transporter recognition [20, [23] [24] . The present results indicate that ABCG2 is responsible for the extrusion of URB937 from the CNS. This finding provides the structural information needed to discover novel peripherally restricted FAAH inhibitors devoid of central side effects. . Ablation of Abcg2 had no effect on the distribution of URB937 in peripheral tissues (a), but significantly increased CNS permeability of the compound (b). Furthermore, URB937 (25 mg-kg −1 , s.c.) abolished FAAH activity after 1 h in peripheral tissues of both Abcg2 −/− and wild-type mice (c). Brain FAAH activity is not affected in wild-type mice, but is strongly reduced in Abcg2 −/− mutants (c). **P < 0.01; ***P < 0.001 vs. wild-type littermates; Student's t-test; n = 4-5. Data are expressed as mean ± SEM.
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